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Abstract 

Pseudoexfoliation syndrome (PXS) is a systemic condition with eye manifestations. In the eye, pseudoexfoliation 
material deposits on various structures of the anterior segment. The nature of this material is mostly fibrillar with 
fibers made up of microfibrils and coated with amorphous material. The composition of these fibrils is diverse and 
includes basement membrane components as well as enzymes involved in extracellular matrix maintenance. 
Pseudoexfoliation is the most common cause of secondary open-angle glaucoma (pseudoexfoliation glaucoma, 
PXG) worldwide. The goal of this review is to summarize our knowledge on the genetics of this systemic disorder 
and its resultant ocular manifestations. PXS familial aggregation suggests genetic inheritance. PXS has been strongly 
associated with single nucleotide polymorphisms (SNPs) of the lysyl oxidase-like 1 (L0XL1) gene on chromosome 
15q24.1. Two of these SNPs confer a higher than 99% population attributable risk for PXS and PXG in the Nordic 
population; however, they carry different risks in different populations. The high risk haplotypes also vary among 
different populations. L0XL1 is one of group of the enzymes involved in the cross-linking of collagen and elastin in 
the extracellular matrix. Its function in connective tissue maintenance has been confirmed in mice; however, its 
actual role in PXS remains unclear. Contactin-associated protein-like 2 also has a strong genetic association with 
PXS in a German cohort and is an attractive candidate molecule. It encodes for a protein involved in potassium 
channel trafficking. Other candidate genes linked to PXS include lysosomal trafficking regulator, clusterin, adenosine 
receptors, matrix metalloproteinase-1 (MMP1), and glutathione transferase. These genes may be modifying genes 
for development of PXS and PXG. 
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Definition 

Pseudoexfoliation syndrome (PXS) is a complex 
systemic disorder of the extracellular matrix primarily 
affecting the eye and visceral organs [1]. Pseudoexfo- 
liation material (PXM) deposits around blood vessels 
of connective tissue. It has been identified by electron 
microscopy [2,3] and immunohistochemistry [4] in 
the lung, liver, kidney, gall bladder, and cerebral 
meninges. Cardio and cerebrovascular disease such as 
angina, aortic aneurysm, and dementia have been 
linked to PXS [5-7]; however, this association remains 
controversial [8]. 
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Ocular manifestations 

In the eye, pseudoexfoliation syndrome is character- 
ized by the deposition of fibrillar material that can be 
found on all anterior segment structures bathed by 
aqueous humor. PXM can be observed in vivo during 
slit lamp examination. It appears as 'dandruff-like' 
material in the anterior chamber or most characteris- 
tically on the anterior lens capsule deposited in a 
double concentric ring pattern (Figure 1). The rings 
are separated by a clear zone presumably created be- 
cause of the movement of the iris on the anterior 
lens surface. The central ring is located at the area of 
the iris sphincter, while the peripheral ring is only 
visible after pupil dilation. PXM is also often 
observed by slit lamp examination at the pupillary 
margin (Figure 2), on the lens zonules and on the 
trabecular meshwork. The site of production of this 
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Figure 1 Anterior segment photography of the eye following 
dilation of the pupil. Notice the deposition of PXM on the anterior 
lens capsule. Arrows point to the characteristic double ring pattern. 



material which is a complex of various glycoproteins is un- 
clear, but PXM can potentially originate from the iris, lens 
epithelium, ciliary body, or the trabecular meshwork [1]. 

Ocular manifestations of PXS include iris depigmen- 
tation leading to peripupillary transillumination defects, 
mild trabecular meshwork hyperpigmenation, secondary 
open-angle glaucoma, and phacodonesis or lens sublux- 
ation caused by zonular dehiscence. Loss of lens zonular 
support makes intraocular surgeries challenging with the 
potential for vitreous loss, lens subluxation, or even lens 
dislocation [9]. 

Although the ocular findings of PXS have been 
described more than 80 years ago [10], the exact patho- 
physiology of PXS is still obscure. Significant advances 
in our understanding, however, have been made in re- 
cent decades. This era of increased understanding starts 




Figure 2 Anterior segment photography of the eye showing 

PXM deposition at the pupillary margin {arrows). 

\ ) 



with a hypothesis put forward by Barbara Streeten et al. 
[3], who suggested that PXS is a form of elastosis result- 
ing from the overproduction of elastic microfibrillar 
components such as fibrillin- 1 [11]. Further evidence 
that fibrillin overproduction or over aggregation may be 
causative for the formation of PXM came from the work 
of Schlotzer et al. who detected an increased extracellu- 
lar deposition of fibrillin-containing fibrils in PXS [12]. 

PXM pathology and nature 

Transmission electron microscopy studies have con- 
firmed that PXM is fibrillar in nature. Fibrils are com- 
posed of microfibrils, each 8 to 10 nm in diameter that 
undergoes lateral aggregation to produce complete PXM 
fibrils [11]. The PXM fibrils also have a coating of 
electron-dense amorphous material which often conceals 
the microfibrillar nature [11]. 

Immunohistochemical findings have suggested that 
PXM fibrils contain components of the elastic fiber and 
basement membrane system, such as elastin, tropoelas- 
tin, amyloid P, vitronectin, fibronectin, heparan sulfate 
proteoglycan, fibrillin- 1, microfibril-associated glycopro- 
tein, emilin, and latent transforming growth factor (3 
binding proteins (LTBP-1 and LTBP-2) [11]. Liquid 
chromatography coupled with tandem mass spectrom- 
etry has confirmed the presence of fibrillin- 1, fibulin-2, 
vitronectin, and amyloid P-component. In addition, it 
allowed the identification of the basement membrane 
components laminin, serum amyloid protein and fibro- 
nectin, desmosomal cadherins (desmocolin-2), the pro- 
teoglycans syndecan-3, and versican metalloproteases of 
the 'A Disintegrin and Metalloprotease' (ADAM) family 
(ADAMTS-8, 18, and 19), tissue inhibitors of metallo- 
protinases (TIMP3) the extracellular chaperone clus- 
terin, and complement factor lq (Clq) as components 
of PXM microfibrils [13]. 

It is unclear whether PXM accumulates due to exces- 
sive synthesis or inadequate breakdown. Elastic micro- 
fibril components, such as fibrillin- 1, as well as other 
components of PXM such as LTBP-1 and LTBP-2 and 
the enzyme transglutaminase 2 were found to be upre- 
gulated at both the mRNA and protein levels in tissues 
of the anterior segment of the eye, where PXM can often 
be seen, suggesting excessive de novo synthesis as the 
cause [14]. However, an observed [15-17] imbalance be- 
tween matrix metalloproteinases (MMPs) and their tis- 
sue inhibitors of metalloproteinases supports the 
possibility of improper PXM degradation. It is likely that 
PXM accumulation is a result of a combination of both 
excessive synthesis and insufficient degradation. 

Ocular complications of PXS 

Pseudoexfoliation is the most common identifiable cause 
of open-angle glaucoma (OAG) [1]. In the Blue 
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Mountain study (BMES) [18] performed on an Austra- 
lian population of European origin, patients with PXS in 
either eye have a two to threefold higher risk of OAG, 
while eyes with PXS had fivefold increased risk for OAG 
even though OAG was often associated with only mod- 
est increase in intraocular pressure. The eye-specific in 
addition to patient-specific risk indicates the involve- 
ment of PXM in the development of OAG [18]. Retinal 
and optic nerve head pathology of pseudoexfoliation 
glaucoma (PXG) is considered to be similar if not identi- 
cal to that of primary open-angle glaucoma (POAG). 
Axonal loss is seen in both; however, patients with PXG 
seem to have smaller decrease in capillary density com- 
pared with patients with POAG [19]. 

PXS demographics 

Pseudoexfoliation syndrome is a late onset condition 
with prevalence that increases markedly with age. In a 
Finnish population, its prevalence reached 33% among 
those aged 80 to 89 years. In Iceland the prevalence is 
17.7% in patients aged 70 to 79 years and reached up to 
40.6% in patients aged above 80 [20] years. PXS was also 
found to be generally more prevalent in men than in 
women [21]; this gender association though is not always 
reproducible [20] . The incidence of PXS roughly doubles 
each decade of life after the age of 50 [22] years. In Japan 
the incidence of PXS increased with age from 0.7% in 
ages 50 to 60 years to 7.3% in ages over 80 [22] years. 

PXS as a potential genetic disease 

The association between human leukocyte antigen 
(HLA) and pseudoexfoliation suggests at least a genetic 
component to the inheritance of pseudoexfoliation syn- 
drome [23]. 

The inheritance nature, however, has been difficult to 
determine because of late onset and the often asymp- 
tomatic nature of the process. Aggregation of the disease 
within families pointed to autosomal dominance inherit- 
ance [18]. Other inheritance patterns such as X-linked 
[24], maternal [25], and autosomal-recessive have also 
been suggested [26]. 

PXS-associated genes and candidate molecules 

Genome wide scan from one large pedigree suggested 
18ql2.1-21.33 as a promising locus. Other chromosomes 
that showed positive linkage were chromosomes 2, 17, 
and 19 but these overlapped with previously detected 
loci for POAG [27]. 

Lysyl oxidase-like 1 

A genome wide association study (GWAS) that was a 
part of the decode group, which included 90 cases of 
POAG, 75 cases of PXG, and 30 unclassified cases of 
Icelandic background, detected a strong association 



between PXG and a single nucleotide polymorphism 
(SNP), rs2 165241 [28]. The SNP lies in the first intron of 
the lysyl oxidase-like 1 (LOXL1) gene on chromosome 
15q24.1. The same group also pursued a confirmation of 
this finding with a larger GWAS study of 594 subjects 
affected with PXS or PXG and 14,672 controls from Ice- 
land and Sweden. In the same chromosome, they uncov- 
ered two new SNPs rs3825942 (G153D) and rsl048661 
(R141L) in the first exon of the LOXL1 gene, conferring 
a higher than 99% population attributable risk for PXS 
and PXG [28]. 

The three haplotypes (G-G, G-A, and T-G), formed by 
the alleles of the two nonsynonymous SNPs rsl048661 
(R141L) and rs3825942 (G153D), carry different risks for 
the conditions with G-G and T-G being the high risk 
alleles while G-A being the low risk one [28]. T-A geno- 
type was not observed in the study population. 

Although the rs2 165241 was more significantly asso- 
ciated with PXG than the two exonic SNPs, this associ- 
ation was no longer statistically significant after 
adjusting for the other SNPs at the same time [28]. 

The SNP rs2165241 located in the first intron of 
LOXL1 gene is strongly associated with PXG because it 
tags the G-G high risk allele for the SNPs rs3825942 and 
rsl048661 in the first exon of the LOXL1 gene [28]. 

In Iceland and Sweden the prevalence of the higher 
risk haplotypes is 50%, and thus these haplotypes are 
present in homozygous form in 25% of the general 
population over the age of 50 years. The risk of patients 
with this double homozygous genotype for developing 
PXS and PXG is thus 700 times more than those with 
only the lower risk haplotype [28]. 

The protein containing (Argl41-Glyl53) is the one 
associated with the highest risk for PXG in Nordic and 
Caucasian populations. In contrast, the protein isoform 
(Leul41-Glyl53) carries the lowest risk for PXG. How- 
ever, this finding has not been replicated in other popu- 
lations. Only the G allele of rs3825942 (G153D) is 
shown to carry high risk for PXS and PXG in both Cau- 
casians and Japanese [29]. Although the high risk allele 
of rs 1048661 is the G allele in Caucasians and south 
Indians [30], the T allele was the high risk allele in Japa- 
nese and Chinese [31,32]. In a black South African 
population, the G allele for rsl048661 (encoding argin- 
ine) was the same risk allele to that of Caucasians, while 
instead of the G allele the A allele of rs3825942 (encod- 
ing aspartic acid) was the other high risk allele [33]. 

It thus appears that because of their high prevalence 
in people without PXG in the Nordic population, the as- 
sociation of rsl048661 and rs3825942 SNPs with PXG 
may not be strong enough [34]. This difference in the 
high risk alleles in various populations also suggests the 
presence of other genes that contribute to the risk of 
PXG [33]. 
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Nevertheless, LOXL1 remains an attractive candidate 
gene. LOXL1 is one of five enzymes in the family of lysyl 
oxidases, which are copper-dependent monoamine oxi- 
dases secreted by fibrogenic cells including fibroblasts 
and smooth muscle cells. The members of this family in- 
clude lysyl oxidase (LOX) and lysyl oxidase-like (LOXL) 
1, 2, 3, and 4 [35]. These enzymes are involved in the co- 
valent cross-linking of collagen and elastin polymers in 
extracellular matrix formation. LOXL1 is necessary for 
tropoelastin cross -linking and elastic fiber formation, 
maintenance, and remodeling [36,37]. To accomplish 
this, the LOXL1 pro-peptide binds to both tropoelastin 
and fibulin-5 and selectively targets elastic microfibrils at 
the sites of elastogenesis [37]. Fibrillins and microfibril - 
associated glycoproteins are thought to form the scaffold 
to align cross-linking domains of tropoelastin [38]. After 
LOXL1 binds to the scaffolding, endo-metalloproteinase 
procollagen C-terminal proteinase (bone morphogenetic 
protein 1) cleaves the LOXL1 pro-peptide to prepare it 
for activation [36]. By oxidatively deaminating the lysine 
residues of tropoelastin, elastin fibers are covalently 
cross-linked. 

The product of the LOXL1 gene thus modifies elastin 
fibers. The two single nucleotide polymorphism 
rsl048661 and rs3825942 associated with PXS translate 
into two different amino acids in the N-terminal of the 
LOXL1 pro-peptide at positions 141 (Arg instead of 
Leu) and 153 (Gly instead of Asp) [28]. 

Both coding SNPs in LOXL1 identified to date are in 
exon 1, which is known to encode a unique N-terminal 
domain of the LOXL1 proenzyme. Since this domain is 
significant for the correct enzyme activation and sub- 
strate recognition and binding, polymorphism in this re- 
gion may affect enzyme function and subsequent PXM 
production [39]. 

Defective LOXL1 function has been studied in LOXL1 
knockout (KO) mice where it results in multiple con- 
nective tissue defects. LOXL1 KO mice suffer from 
emphysematous changes in the lungs and vascular ab- 
normalities resulting from a failure of elastic fiber main- 
tenance [37]. Though LOXL 1 -deficient mice are viable 
and females are initially fertile, they undergo pelvic pro- 
lapse 1 to 2 days postpartum. The mice also experience 
increased laxity and redundancy of the skin, rectal pro- 
lapse, and intestinal diverticula. LOXL1 KO mice are 
prone to choroidal neovascularization after laser induc- 
tion because of lack of elastic fiber maintenance in 
Bruchs membrane [40]. 

These findings confirm the importance of LOXL1 in 
connective tissue maintenance. However, since PXM ac- 
cumulation was not reported in these studies, it is un- 
clear whether or not PXS occurs in LOXL1 KO mice. 
Even if absent in these animals, it is possible that a par- 
tial deficiency of LOXL1 may result in PXM formation, 



while complete loss of such activity may lead to minimal 
PXM formation [40]. 

Lysosomal trafficking regulator 

Animal studies have also suggested that the lysosomal 
trafficking regulator (LYST) gene is potentially important 
in PXS. LYST plays an important role in protein synthe- 
sis responsible for lysosomal function. Mutation of the 
LYST gene in human results in the lysosomal storage 
disease, Chediak-Higashi syndrome, which is character- 
ized by immune deficiency, neurological manifestations, 
and bleeding tendency [41]. B6-Lyst bg ~ J mice homozy- 
gous for the beige-J (bg-J) allele show multiple ocular 
features of human PXS [42]. Three key similarities were 
the pattern of iris transillumination defects caused by an 
unusual saw tooth-like morphology of the iris pigment 
epithelium, the accumulation of material resembling 
human PXM on the iris and elsewhere in the anterior 
chamber, and pronounced iris pigment dispersion. The 
beige mutation results from a 3-bp deletion causing the 
loss of a single isoleucine from the WD40 domain of 
the LYST protein, suggesting a disruption of protein- 
protein interactions. Though the LYST mutant mice do 
not resemble human PXS in all regards, they nonetheless 
have the potential to serve as an animal model for PXS, 
and may shed light on the complex genetic contribution 
and molecular pathway of the disease [42] . 

Clusterin 

Studies on clusterin have also indicated that its defi- 
ciency may result in PXM accumulation. Clusterin 
mRNA is expressed in most ocular cells and tissues, par- 
ticularly in the epithelium of ciliary processes [14]; 
whereas the protein often localizes to extracellular struc- 
tures, such as ocular basement membranes and stromal 
fibers. The presence of clusterin was also documented in 
the optic nerve and iris. In PXS eyes, a significant down 
regulation of clusterin mRNA was seen in all anterior 
segment tissues, irrespective of the presence of glau- 
coma, when compared to normal eyes and eyes with pri- 
mary open-angle glaucoma [14]. Clusterin aqueous 
humor levels were also significantly reduced in PXS eyes 
[14]. In vitro analysis of nonpigmented ciliary epithelial 
cells has also shown significant down regulation of clus- 
terin mRNA and protein upon exposure to transforming 
growth factor pi (TGF-pl). TGF-pl has been found to 
interact with lysyl oxidase in the formation of elastic 
fibers and is upregulated in anterior segment tissues in 
PXS (irrespective to the presence or absence of glau- 
coma) as well as in eyes with POAG. In addition to its 
interaction with clusterin and lysyl oxidase, TGF-pl has 
been known to regulate other multiple factors involved 
in PXM accumulation, such as fibrillin- 1, LTBP-1, 
LTBP-2, tropoelastin, and transglutaminase-2 [43]. 
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The clusterin presence in pseudoexfoliation deposits 
and reduced amounts in aqueous humor of PXS eyes led 
to an investigation of the genetic variants of the clusterin 
(CLU) gene and its association with PXS. Nine SNPs 
across the CLU gene in 86 cases of PXS and 2,422 con- 
trols from the BMES cohort were genotyped. Variants of 
CLU gene do not strongly modify the risk of PXS in the 
Australian population, but one SNP (rs3087554) haplo- 
type with 7% frequency may slightly increase the risk 
[44]. Due to the small size of the cohort and the signifi- 
cant age difference between cases and controls, the 
power of this study was low. Further studies are needed 
to verify any association [44] . 

Adenosine receptor A3 

Adenosine receptors are also candidate molecules. Ad- 
enosine is known to regulate aqueous humor secretion 
and affects intraocular pressure through its action on ad- 
enosine receptors. Differential expression of mRNA of 
adenosine receptors subtypes in PXS, PXG, and control 
eyes has been detected [45]. A3 receptor mRNA and 
protein were selectively upregulated and overexpressed 
in the basolateral infoldings of nonpigmented epithelium 
of the ciliary body in eyes with PXS with and without glau- 
coma. In vitro, A3 receptors can be selectively upregulated 
by hypoxia. PXS is characterized by anterior segment 
hypoxia [11] and this hypoxia-induced overexpression of 
adenosine receptors in PXS eyes not only indicates its 
cytoprotective role but also potentially suggests a new 
therapeutic option for PXS and PXG [45]. 

Homocysteine metabolism genes 

Another factor that may be associated with PXG is 
homocysteine. Increased plasma homocysteine level may 
be a risk factor for the development of glaucoma [46] . In 
a study of nonHispanic white population, plasma homo- 
cysteine levels were found to be increased in both PXS 
and PXG compared with controls [46]. Plasma homo- 
cysteine level can be elevated because of many factors 
such as genetic, folic acid deficiency, cobalamin defi- 
ciency, slow metabolism as in hypothyroidism, lack of 
excretion as in renal failure, and also aging. Methylene- 
tetrahydrofolate reductase (MTHFR) controls homocyst- 
eine concentration and the mutation in the MTHFR 
gene can lead to reduced function and subsequent 
homocystinemia. Thus, MTHFR is another candidate 
gene [47]. The effects of polymorphisms in MTHFR and 
four other genes that are involved in homocysteine me- 
tabolism have thus been investigated. Those genes are 
methionine synthase (MTR), methionine synthase reduc- 
tase (MTRR), methylene tetrahydrofolate dehydrogenase 
(MTHFD1), and cystathionine p-synthase (CBS). This 
study that only involved subjects of Caucasian European 



ancestry, however, failed to show a relationship of homo- 
cysteine levels with PXS or PXG and thus, homocys- 
teine cannot be considered as a risk factor for PXS or 
PXG [48]. 

Matrix metalloproteinases 

Matrix metalloproteinases and their inhibitors are 
known to play a role in extracellular matrix maintenance 
and therefore may have an important role in PXS, either 
promoting or limiting the progression of the disease 
[3,49]. Based on studies of the genetic associations of 
matrix metalloproteinase-1 and 3 (MMP1) and (MMP3) 
gene polymorphisms with PXS in a Greek population, it 
has been suggested that there is a possible role for 
MMP1 variants in the development of PXS [49]. 

Glutathione transferase 

Glutathione transferase (GST) plays an important role in 
protecting cells from the oxidative damage caused by 
oxygen-free radical formed inside the cells. It conjugates 
those toxic products with glutathione, rendering them 
water soluble and excretable by the body [50,51]. It is 
found in the mitochondrial cytosole and lysosomes. The 
cytosolic form has three classes; mu ((i), theta (6), and pi 
(tt). The null genotype of mu is MO and for theta is TO 
[51]. Individuals carrying the null genotype have less 
protection against oxidative damage. Polymorphisms of 
GST have been detected in POAG [52], cataract [53], 
and exudative age-related macular degeneration [54]. 
However, in patients with PXG of Turkish [55], Swedish 
[56], and Arab [57] populations, no significant associ- 
ation was noted. Recently, it was shown that the MO and 
TO phenotype of GST is strongly associated with PXG in 
female Pakistani patients [56]. 



Table 1 PXS-associated genes and associated 
polymorphic markers 



PXS associated gene 


Chromosome 


Associated 

polymorphic 

marker 


L0XL1 gene [28,29,32-34,77-80] 


15q24.1 


rs21 65241 






rs3825942 






rs 1048661 


Clusterin gene [14] 


8p21 


rs3087554 


Glutathione transferase 


1p13.3 


MO and TO 


gene [51,56,57] 




genotype 


CNTNAP2 gene [58] 


7q35 


rs2 107856 






rs2141388 


TNF a G-308A polymorphism 


6p21 


rs 1800629 


[62,65,67] 




rs361525 



Blood group B [68] 9q34 

^Reported frequencies are for the rs1 048661 T allele which is the high risk 
allele in the Japanese cohort. 
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Table 2 LOXL 1 SIMPs high risk allele frequencies in different populations 



Population 


Group 


Cohort 


rs3825942 G 


Odds ratio (OR) 


P value 


rs 1048661 G 


Odds ratio (OR) 


P value 


Reference 






size 


Allele 
frequency 






Allele 
frequency 








Iceland 


Control 


14,474 


0.847 






0.651 






[28] 




PXS 


55 


0.982 


10.10(4.02 - 25.36) 


8.5 X10" 7 


0.789 


2.02 (1.32 - 3.09) 


1.3 x 10" 3 






PXG 


75 


0.987 


13.23 (5.59 - 31.29) 


4.x 10" 9 


0.827 


2.56 (1.74 - 3.77) 


1 .8 x 1 0" 6 




Sweden 


Control 

DVC 


198 

M A 

IN A 


0.879 

M A 

IN A 






68 

M A 

IN A 






[28] 




nyr 
rAlj 


1 on 

i yy 


n one: 

u.yyj 


LI .Lo { \ 1 .44 - Oj.U/J 


n 1 w 1 (~\~ 1 ^ 

y. i x i u 


U.o54 


z.5y { \ ./ Z - 5.54J 


z./ X 1 U 




MCA 

U5A 


Control 

DVC 


ZJJ 


0.844 

M A 

INA 






U.DDj 

M A 
IMA 






[34\ 






d(J 


u.yoy 


3 nc/'i on 7 7^ 


0.01 94 


n 7Q7 

U./o/ 


1 QA/1 in Q 1 c^^ 

I .oo( I . I U, D.\D) 


U.Uzzz 




India 


Control 


97 


0.74 






0.63 






[30] 




PXS and 


52 


0.92 




0.0001 


0.72 




0.156 




Japan 


Control 


1 70 

I /z 


U.OOD 






U.DUo 










DVC 


1 HQ 

I lo 


u.yoj 


1 n 71 /3 ~)Q 3/1 C^ 1 * 

1 U./ 1 (o.zy - o4.o/J 


i .4y i u 


n Q3 d* 


1 3 £A l~l c:7 ~)/l T7"\ 
I 5.DO {/ .D/ - Z^.Z/j 


o.oy iu 


Lzyj 






I (Jo 


u.yoo 


I 1 m /5 3(1 or n\ 

I I .Uz p.oy - oj.yj 


1 .40 *1 0 7 


u.yoz 


zj.z i ( i z.ud - jz.oyj 


1 .44 I U 




Chinese 


Control 


171 
I / I 


n oi q 
u.y I o 






C\AAA 

U.444 










DVC -,^^-1 

PXb ana 
PXG 


62 


0.992 


i .yz (i .zd - z.yoj 


0.0034 


0.524 


i .yz (i .zd - z.yoj 


0.0034 


l"77l 
[//] 


German 


Control 


348 


0.857 






0.644 










PXS 


206 


0.948 


3.06 (1.87 - 4.99) 


3.15 *10~ 6 


0.787 


2.04(1.54 - 2.71) 


7.08* 10" 7 


[78] 




PXG 


311 


0.953 


3.41 (2.22 - 5.24) 


4.78 *10 -9 


0.839 


2.89 (2.21 - 3.77) 


1.40 *10 -15 




Italian 


Control 


70 


0.821 






0.693 










PXS 


76 


1.000 


oo 


5.08 *10~ 8 


0.842 


2.36(1.34 - 4.16) 


0.0024 


[78] 




PXG 


133 


1.000 




1.96*10 -12 


0.815 


1.96 (1.22 - 3.15) 


0.0053 




Australian 


Control 


86 


0.84 






0.66 










PXS 


335 


0.95 


3.81 (1.88 - 9.02) 


7.83*1 0" 5 


0.78 


1.86(1.27 - 2.76) 


8.49*1 0" 4 


[79] 




PXG 




NA 






NA 








Saudi 


Control 
PXS 


101 

NA 


0.817 
NA 






0.762 
NA 






[80] 




PXG 


93 


0.968 




0.000005 


0.876 




0.0056 





Contactin-associated protein-like 2 

A genome wide association study with DNA pooling also 
linked variants of contactin-associated protein-like 2 
(CNTNAP2) gene on chromosome 7 (also known as 
Caspr2) to PXS [58]. Little information is available about 
the function of this protein. CNTNAP2 is a transmem- 
brane scaffolding protein involved in the clustering of 
potassium voltage-gated channel subfamily A (K v l.l) 
[59]. It is believed to regulate potassium channels at 
neuron membranes and may have a role in membrane 
stabilization [60]. This gene has been implicated in 
several neuropsychiatric disorders [58]. To replicate the 
association findings, these SNPs were genotyped in an 
independent German cohort of 610 subjects with 



pseudoexfoliation syndrome/pseudoexfoliation glaucoma 
PEX/PXG and 364 controls as well as in 249 Italian 
subjects and 190 controls. A detailed analysis of this 
locus confirmed the association between two SNPs 
(rs2107856, rs2141388) and PXS/PXG in the German, 
but not in the Italian cohort. It also confirmed the two 
SNPs reported for the LOXL1 gene and detected an as- 
sociation of CNTNAP2 with the T (non-risk) haplotype 
of LOXL1 gene [58]. 

CNTNAP2 mRNA and protein distribution in ocular 
tissues were studied using real time polymerase chain re- 
action and immunohistochemistry. CNTNAP2 localizes 
to epithelial and endothelial cells including the trabecu- 
lar meshwork, Schlemms canal, cornea, nonpigmented 
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ciliary epithelium, and even the retinal ganglion cells 
and optic nerve. The labeling of cell membranes is 
reduced in PXS and PXG patients [58]. 



Tumor necrosis factor alpha gene polymorphism G-308A 

Tumor necrosis factor (TNF)-a is a proinflamatory cyto- 
kine that has been implicated in various neurodegenera- 
tive disorders including glaucoma [61]. 

It is presumed to have dual roles depending on which 
receptor is activated. The activation of high affinity 
TNF-R2 receptor is thought to be neuroprotective, while 
activation of the low affinity TNF-R1 receptors mediates 
cell death through mitochondrial apoptosis [62], An 
increased expression of TNF-a can shift the balance and 
stimulate TNF-R1 receptors [62]. 

TNF-a and its receptor (TNF-R1) m RNA were 
increased in the retina of glaucoma patients [63], while 
anti TNF-a antibodies can prevent ganglion cell death in 
a mouse model of glaucoma [64]. 

One SNP (G-308A of rsl800629) upstream of the pro- 
moter site of TNF-a activates the expression and causes 
elevation of TNF-a [62]. The association of this SNP 
with PXS has been recently studied in various popula- 
tions. A strong association of GA and AA genotypes was 
observed with PXG in the Pakistani and Iranian popula- 
tions [62,65]. However, this association was not con- 
firmed in the Turkish [66] or Caucasian population [67]. 



ABO blood groups 

The association between blood groups and different 
glaucoma types was assessed in various case control and 
cross-sectional studies. A strong association between 
blood group type B and different types of glaucoma in- 
cluding PXG was found in Pakistani and Iranian popula- 
tions [68,69]. The significance of this association is not 
clear at this time. 



Gene-environment interactions 

Although familial aggregation, HLA and polymorphic 
marker association and geographical clustering suggest a 
genetic nature of PXS; environmental factors have been 
also suggested to play a role in the natural history of the 
disease [70]. 

The effect of ultraviolet (UV) light has been investi- 
gated, as PXS is more prevalent in populations with rela- 
tively high UV exposure [70,71]. 

Other environmental factors that have been proposed 
to participate in the pathogenesis of PXS are slow virus 
infection [72] and autoimmunity [73]. The report of the 
occurrence of PXS in relatively young patients after 
keratoplasty suggests the transmission of the disease 
from donor to the recipient. However, this cannot be 
considered proof, as development of PXS can also be the 
result of trauma or endothelial cell proliferation in the 
recipient eye [70,74]. Multiple case reports of young 



Table 3 Molecules related to PXS, function, and nature of association 


Molecules related to PXS 


Known function 


Nature of association 


Lysyl oxidase-like 1 (L0XL1) 
[28,32,34,78] 


Copper-dependent monoamine oxidase 
secreted by fibrogenic cells. Catalyzes 
covalent cross-linking of collagen and 
elastin in ECM formation 


-Gene polymorphisms linked to PXS in multiple studies 
-Protein present at site of pathology 


Clusterin [14] 


Clearance of cellular debris and apoptosis 


-Clusterin deficiency associated with PXS. 
-Clusterin present in PXM deposits 


Homocysteine and human cell 
metabolic enzymes (MTHFR MTR, 
MTRR, MTHFD1, CBS) [46,47] 


Amino acids that participate in multiple 
metabolic processes. 


Increased plasma levels associated with PXS 


Glutathione transferase [50,51,56,57] 


It conjugates those toxic products with 
glutathione, protecting cells from 
oxidative damage 


-Linkage of null genotype of the GST gene with PXS 


CNTNAP2 (Caspr 2) [58,60] 


Regulation of potassium channels at 
neuron membranes. Possible role in 
membrane stabilization 


-CNTNAP2 gene polymorphism associated with PXS 


MMPs (MMP1) [15-17,49] 


Extracellular matrix maintenance 


-MMP1 gene polymorphism associated with PXS 


Adenosine receptors [45] 


Adenosine regulates aqueous humor 
secretion. Intraocular pressure are 
regulated through adenosine receptors 


-A3 receptor mRNA and protein selectively up 
regulated in eyes with PXS 


TNF-a [65] 


Has dual action depending on the 
type of receptor activated. 

High affinity TNF-R2 receptor has 
neuroprotective function while low 
affinity TNF-R1 receptors activation 
leads to cell death. 


-Increased expression of TNF-a shifts the balance and 
activates the low affinity TNF-R1 receptor leading 
to cell death 
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patients developing PXS after cataract surgery suggest 
that anterior segment trauma may be a predisposing fac- 
tor in PXS development [75,76]. 

Summary 

Pseudoexfoliation syndrome is the systemic disorder 
with characteristic eye manifestations. It is the cause of 
one of the secondary open-angle glaucomas. Evidence 
suggests a strong genetic component to this condition 
(Table 1). To date a number of genes have been linked 
to PXS, of which LOXL1 appears to be the most relevant 
in many populations (Table 2). Recently, GST and 
CTNTAP2 genes were also found to be highly associated 
in some populations. Other candidate genes such as ad- 
enosine and clusterin, TNF-a, blood group type B show 
weaker associations but may contribute to the phenotype 
as modifying genes (Table 3). 

Competing interests 

The authors declared that they have no competing interests. 
Authors' contributions 

All authors read and approved the final manuscript. 
Grant support 

This study was supported by NEI grants R01 EY15224, EY20670 and an 
unrestricted grant from Research to Prevent Blindness. 

Author details 

department of Ophthalmology, SUNY Downstate Medical Center, 450 
Clarkson Ave, Brooklyn, NY 11203, USA. department of Ophthalmology, 
Mount Sinai Medical Center, New York, NY 10029, USA. 

Received: 25 June 2012 Accepted: 28 June 2012 
Published: 10 October 2012 

References 

1. Schlotzer-Schrehardt U, Naumann GO: Ocular and systemic 
pseudoexfoliation syndrome. Am J Ophthalmol 2006, 1 41 (5):921 -937. 

2. Schlotzer-Schrehardt UM, Koca MR, Naumann GO, Volkholz H: 
Pseudoexfoliation syndrome. Ocular manifestation of a systemic 
disorder? Arch Ophthalmol 1992, 11 0(1 2):1 752-1 756. 

3. Streeten BW, Li ZY, Wallace RN, Eagle RC Jr, Keshgegian AA: 
Pseudoexfoliative fibrillopathy in visceral organs of a patient with 
pseudoexfoliation syndrome. Arch Ophthalmol 1992, 11 0(1 2):1 757-1 762. 

4. Schlotzer-Schrehardt U, Kuchle M, Hofmann-Rummelt C, Kaiser A, Kirchner T: 
Latent TGF-beta 1 binding protein (LTBP-1); a new marker for intra-and 
extraocular PEX deposits. Klin Monbl Augenheilkd 2000, 21 6(6):41 2-41 9. 

5. Mitchell P, Wang JJ, Smith W: Association of pseudoexfoliation syndrome 
with increased vascular risk. Am J Ophthalmol 1 997, 1 24(5):685-687. 

6. Schumacher S, Schlotzer-Schrehardt U, Martus P, Lang W, Naumann GO: 
Pseudoexfoliation syndrome and aneurysms of the abdominal aorta. 
Lancet 2001, 357(9253):359-360. 

7. Ritland JS, Egge K, Lydersen S, Juul R, Semb SO: Exfoliative glaucoma and 
primary open-angle glaucoma: associations with death causes and 
comorbidity. Acta Ophthalmol Scand 2004, 82(4):401-404. 

8. Allingham RR, Loftsdottir M, Gottfredsdottir MS, Thorgeirsson E, Jonasson F, 
Sverisson T, Hodge WG, Damji KF, Stefansson E: Pseudoexfoliation 
syndrome in Icelandic families. Br J Ophthalmol 2001, 85(6):702-707. 

9. Conway RM, Schlotzer-Schrehardt U, Kuchle M, Naumann GO: 
Pseudoexfoliation syndrome: pathological manifestations of relevance to 
intraocular surgery. Clin Experiment Ophthalmol 2004, 32(2):1 99-210. 

10. Vogt A: Ein neues Spaltlampenbild des Pupillengebiets: Hellblauer 
Pupillensaumfilz mit Hautchenbildung auf der Linsenvorderkapsel. 
Klein Monatsbl Augenheilkd 1925, 75:1-12. 



11. Ritch R, Schlotzer-Schrehardt U: Exfoliation (pseudoexfoliation) syndrome: 
toward a new understanding. Proceedings of the First International 
Think Tank. Acta Ophthalmol Scand 2001, 79(2):213-21 7. 

12. Schlotzer-Schrehardt U, von der Mark K, Sakai LY, Naumann GO: Increased 
extracellular deposition of fibrillin-containing fibrils in pseudoexfoliation 
syndrome. Invest Ophthalmol Vis Sci 1997, 38(5):970-984. 

1 3. Ovodenko B, Rostagno A, Neubert TA, Shetty V, Thomas S, Yang A, 
Liebmann J, Ghiso J, Ritch R: Proteomic analysis of exfoliation deposits. 
Invest Ophthalmol Vis Sci 2007, 48(4): 1 447-1 457. 

14. Zenkel M, Kruse FE, Junemann AG, Naumann GO, Schlotzer-Schrehardt U: 
Clusterin deficiency in eyes with pseudoexfoliation syndrome may be 
implicated in the aggregation and deposition of pseudoexfoliative 
material. Invest Ophthalmol Vis Sci 2006, 47(5):1 982-1 990. 

15. Schlotzer-Schrehardt U, Lommatzsch J, Kuchle M, Konstas AG, Naumann GO: 
Matrix metalloproteinases and their inhibitors in aqueous humor of 
patients with pseudoexfoliation syndrome/glaucoma and primary 
open-angle glaucoma. Invest Ophthalmol Vis Sci 2003, 44(3):1 117-11 25. 

16. Ho SL, Dogar GF, Wang J, Crean J, Wu QD, Oliver N, Weitz S, Murray A, 
Cleary PE, O'Brien C: Elevated aqueous humour tissue inhibitor of matrix 
metalloproteinase-1 and connective tissue growth factor in 
pseudoexfoliation syndrome. Br J Ophthalmol 2005, 89(2):1 69-1 73. 

17. Ronkko S, Rekonen P, Kaarniranta K, Puustjarvi T, Terasvirta M, Uusitalo H: 
Matrix metalloproteinases and their inhibitors in the chamber angle 
of normal eyes and patients with primary open-angle glaucoma 

and exfoliation glaucoma. Graefes Arch Clin Exp Ophthalmol 2007, 
245(5):697-704. 

18. Mitchell P, Wang JJ, Hourihan F: The relationship between glaucoma and 
pseudoexfoliation: the Blue Mountains Eye Study. Arch Ophthalmol 1999, 
117(10):1319-1324. 

19. Gottanka J, Kuhlmann A, Scholz M, Johnson DH, Lutjen-Drecoll E: 
Pathophysiologic changes in the optic nerves of eyes with primary 
open angle and pseudoexfoliation glaucoma. Invest Ophthalmol Vis Sci 
2005, 46(1 1):41 70-41 81. 

20. Arnarsson AM: Epidemiology of exfoliation syndrome in the Reykjavik 
Eye Study. Acta Ophthalmol 2009, 87(Jhesis 3):1-17. 

21 . Aasved H: Study of relatives of persons with fibrillopathia 
epitheliocapsularis (pseudoexfoliation of the lens capsule). Acta 
Ophthalmol (Copenh) 1975, 53(6):879-886. 

22. Ritch R: Exfoliation syndrome: clinical findings and occurrence in patients 
with occludable angles. Trans Am Ophthalmol Soc 1994, 92:845-944. 

23. Sood GC, Sofat BK, Mehrotra SK, Chandel RD: Capsular exfoliation 
syndrome. Br J Ophthalmol 1973, 57(2):1 20-1 24. 

24. Damji KF, Bains HS, Amjadi K, Dohadwala AA, Valberg JD, Chevrier R, Gould 
LF, Zackon DH, Addison DJ: Familial occurrence of pseudoexfoliation in 
Canada. Can J Ophthalmol 1999, 34(5):257-265. 

25. Klouman OF: Psuedoexfoliation in ophthalmic practice. Acta Ophthalmol 
(Copenh) 1967, 45(6):822-828. 

26. FitzSimon JS, Mulvihill A, Kennedy S, Finch A, Collum LM, Eustace P: 
Association of HLA type with pseudoexfoliation of the lens capsule. 
Br J Ophthalmol 1996, 80(5):402-404. 

27. Lemmela S, Forsman E, Sistonen P, Eriksson A, Forsius H, Jarvela I: 
Genome-wide scan of exfoliation syndrome. Invest Ophthalmol Vis Sci 
2007, 48(9):41 36-41 42. 

28. Thorleifsson G, Magnusson KP, Sulem P, Walters GB, Gudbjartsson DF, 
Stefansson H, Jonsson T, Jonasdottir A, Jonasdottir A, Stefansdottir G, 
Masson G, Hardarson GA, Petursson H, Arnarsson A, Motallebipour M, 
Wallerman O, Wadelius C, Gulcher JR, Thorsteinsdottir U, Kong A, 
Jonasson F, Stefansson K: Common sequence variants in the LOXL1 
gene confer susceptibility to exfoliation glaucoma. Science 2007, 
31 7(5843):1 397-1400. 

29. Ozaki M, Lee KY, Vithana EN, Yong VH, Thalamuthu A, Mizoguchi T, 
Venkatraman A, Aung T: Association of LOXL1 gene polymorphisms 
with pseudoexfoliation in the Japanese. Invest Ophthalmol Vis Sci 2008, 
49(9):3976-3980. 

30. Ramprasad VL, George R, Soumittra N, Sharmila F, Vijaya L, 
Kumaramanickavel G: Association of non-synonymous single nucleotide 
polymorphisms in the LOXL1 gene with pseudoexfoliation syndrome in 
India. Mol Vis 2008, 14:318-322. 

31. Hayashi H, Gotoh N, Ueda Y, Nakanishi H, Yoshimura N: Lysyl oxidase-like 1 
polymorphisms and exfoliation syndrome in the Japanese population. 
Am J Ophthalmol 2008, 145(3):582-585. 



Elhawy et al. Human Genomics 2012, 6:22 
http://www.humgenomics.eom/content/6/1/22 



32. Chen L, Jia L, Wang N, Tang G, Zhang C, Fan S, Liu W, Meng H, Zeng W, Liu 
N, Wang H, Jia H: Evaluation of L0XL1 polymorphisms in exfoliation 
syndrome in a Chinese population. Mol Vis 2009, 15:2349-2357. 

33. Williams SE, Whigham BT, Liu Y, Carmichael TR, Qin X, Schmidt S, Ramsay M, 
Hauser MA, Allingham RR: Major L0XL1 risk allele is reversed in 
exfoliation glaucoma in a black South African population. Mol Vis 2010, 
16:705-712. 

34. Challa P, Schmidt S, Liu Y, Qin X, Vann RR, Gonzalez P, Allingham RR, Hauser 
MA: Analysis of LOXL1 polymorphisms in a United States population 
with pseudoexfoliation glaucoma. Mol Vis 2008, 14:146-149. 

35. Csiszar K: Lysyl oxidases: a novel multifunctional amine oxidase family. 
Prog Nucleic Acid Res Mol Biol 2001, 70:1-32. 

36. Decitre M, Gleyzal C, Raccurt M, Peyrol S, Aubert-Foucher E, Csiszar K, 
Sommer P: Lysyl oxidase-like protein localizes to sites of de novo 
fibrinogenesis in fibrosis and in the early stromal reaction of ductal 
breast carcinomas. Lab Invest 1998, 78(2):1 43-1 5 1 . 

37. Liu X, Zhao Y, Gao J, Pawlyk B, Starcher B, Spencer JA, Yanagisawa H, Zuo J, 
Li T: Elastic fiber homeostasis requires lysyl oxidase-like 1 protein. 

Nat Genet 2004, 36(2):1 78-182. 

38. Kielty CM, Wess TJ, Haston L, Ashworth JL, Sherratt MJ, Shuttleworth CA: 
Fibrillin-rich microfibrils: elastic biopolymers of the extracellular matrix. 
J Muscle Res Cell Motil 2002, 23(5-6):581-596. 

39. Thomassin L, Werneck CC, Broekelmann TJ, Gleyzal C, Hornstra IK, Mecham 
RP, Sommer P: The pro-regions of lysyl oxidase and lysyl oxidase-like 1 
are required for deposition onto elastic fibers. J Biol Chem 2005, 
280(52):42848-42855. 

40. Yu HG, Liu X, Kiss S, Connolly E, Gragoudas ES, Michaud NA, Bulgakov OV, 
Adamian M, DeAngelis MM, Miller JW, Li T, Kim IK: Increased choroidal 
neovascularization following laser induction in mice lacking lysyl 
oxidase-like 1. Invest Ophthalmol Vis Sci 2008, 49(6):2599-2605. 

41. Ward DM, Shiflett SL, Kaplan J: Chediak-Higashi syndrome: a clinical and 
molecular view of a rare lysosomal storage disorder. Curr Mol Med 2002, 
2(5):469-477. 

42. Trantow CM, Mao M, Petersen GE, Alward EM, Alward WL, Fingert JH, 
Anderson MG: Lyst mutation in mice recapitulates iris defects of human 
exfoliation syndrome. Invest Ophthalmol Vis Sci 2009, 50(3):1 205-1 214. 

43. Oleggini R, Gastaldo N, Di Donato A: Regulation of elastin promoter by 
lysyl oxidase and growth factors: cross control of lysyl oxidase on 
TGF-beta1 effects. Matrix Biol 2007, 26(6):494-505. 

44. Burdon KP, Sharma S, Hewitt AW, McMellon AE, Wang JJ, Mackey DA, 
Mitchell P, Craig JE: Genetic analysis of the clusterin gene in 
pseudoexfoliation syndrome. Mol Vis 2008, 14:1727-1736. 

45. Schlotzer-Schrehardt U, Zenkel M, Decking U, Haubs D, Kruse FE, Junemann 
A, Coca-Prados M, Naumann GO: Selective upregulation of the A3 
adenosine receptor in eyes with pseudoexfoliation syndrome and 
glaucoma. Invest Ophthalmol Vis Sci 2005, 46(6):2023-2034. 

46. Vessani RM, Ritch R, Liebmann JM, Jofe M: Plasma homocysteine is 
elevated in patients with exfoliation syndrome. Am J Ophthalmol 2003, 
136(1):41-46. 

47. Turacli ME, Tekeli O, Ozdemir F, Akar N: Methylenetetrahydrofolate 
reductase 677 C-T and homocysteine levels in Turkish patients 
with pseudoexfoliation. Clin Experiment Ophthalmol 2005, 
33(5):505-508. 

48. Fan BJ, Chen T, Grosskreutz C, Pasquale L, Rhee D, DelBono E, Haines JL, 
Wiggs JL: Lack of association of polymorphisms in homocysteine 
metabolism genes with pseudoexfoliation syndrome and glaucoma. 
Mol Vis 2008, 14:2484-2491. 

49. Gartaganis SP, Georgakopoulos CD, Mela EK, Exarchou A, Ziouti N, Assouti 
M, Vynios DH: Matrix metalloproteinases and their inhibitors in 
exfoliation syndrome. Ophthalmic Res 2002, 34(3):165-1 71. 

50. Mannervik B, Danielson UH: Glutathione transferases-structure and 
catalytic activity. CRCCrit Rev Biochem 1988, 23(3):283-337. 

51. Bekris LM, Shephard C, Peterson M, Hoehna J, Van Yserloo B, Rutledge E, 
Farin F, Kavanagh TJ, Lemmark A: Glutathione-s-transferase M1 and T1 
polymorphisms and associations with type 1 diabetes age-at-onset. 
Autoimmunity 2005, 38(8)567-575. 

52. Izzotti A, Bagnis A, Sacca SC: The role of oxidative stress in glaucoma. 
Mutat Res 2006, 612(2):105-1 14. 

53. Taylor A, Nowell T: Oxidative stress and antioxidant function in relation 
to risk for cataract. Adv Pharmacol 1997, 38:515-536. 



Page 9 of 10 



54. Beatty S, Koh H, Phil M, Henson D, Boulton M: The role of oxidative stress 
in the pathogenesis of age-related macular degeneration. Surv 
Ophthalmol 2000, 45(2):1 1 5-1 34. 

55. Unal M, Guven M, Devranoglu K, Ozaydin A, Batar B, Tamcelik N, Gorgun EE, 
Ucar D, Sarici A: Glutathione S transferase M1 and T1 genetic 
polymorphisms are related to the risk of primary open-angle glaucoma: 
a study in a Turkish population. Br J Ophthalmol 2007, 91(4)527-530. 

56. Khan Ml, Micheal S, Akhtar F, Ahmed W, Ijaz B, Ahmed A, Qamar R: The 
association of glutathione S-transferase GSTT1 and GSTM1 gene 
polymorphism with pseudoexfoliative glaucoma in a Pakistani 
population. Mol Vis 2010, 16:2146-2152. 

57. Abu-Amero KK, Morales J, Mohamed GH, Osman MN, Bosley TM: 
Glutathione S-transferase M1 and T1 polymorphisms in Arab glaucoma 
patients. Mol Vis 2008, 14:425-430. 

58. Krumbiegel M, Pasutto F, Schlotzer-Schrehardt U, Uebe S, Zenkel M, Mardin 
CY, Weisschuh N, Paoli D, Gramer E, Becker C, Ekici AB, Weber BH, Nurnberg 
P, Kruse FE, Reis A: Genome-wide association study with DNA pooling 
identifies variants at CNTNAP2 associated with pseudoexfoliation 
syndrome. Eur J Hum Genet 201 1 , 1 9(2):1 86-1 93. 

59. Poliak S, Peles E: The local differentiation of myelinated axons at nodes of 
Ranvier. Nat Rev Neurosci 2003, 4(1 2):968-980. 

60. Einheber S, Zanazzi G, Ching W, Scherer S, Milner TA, Peles E, Salzer JL: The 
axonal membrane protein Caspr, a homologue of neurexin IV, is a 
component of the septate-like paranodal junctions that assemble during 
myelination. J Cell Biol 1 997, 1 39(6): 1 495-1 506. 

61. Yan X, Tezel G, Wax MB, Edward DP: Matrix metalloproteinases and tumor 
necrosis factor alpha in glaucomatous optic nerve head. Arch Ophthalmol 
2000, 118(5):666-673. 

62. Khan Ml, Micheal S, Rana N, Akhtar F, den Hollander Al, Ahmed A, Qamar R: 
Association of tumor necrosis factor alpha gene polymorphism G-308A 
with pseudoexfoliative glaucoma in the Pakistani population. Mol Vis 
2009, 15:2861-2867. 

63. Huang P, Zhang SS, Zhang C: The two sides of cytokine signaling and 
glaucomatous optic neuropathy. J Ocul Biol Dis Infor 2009, 2(2):78-83. 

64. Nakazawa T, Nakazawa C, Matsubara A, Noda K, Hisatomi T, She H, Michaud 
N, Hafezi-Moghadam A, Miller JW, Benowitz LI: Tumor necrosis factor-alpha 
mediates oligodendrocyte death and delayed retinal ganglion cell loss 
in a mouse model of glaucoma. J Neurosci 2006, 26(49):1 2633-1 2641. 

65. Razeghinejad MR, Rahat F, Kamali-Sarvestani E: Association of TNFA -308 
G/A and TNFRI +36 A/G gene polymorphisms with glaucoma. Ophthalmic 
Res 2009, 42(3):1 18-124. 

66. Tekeli O, Turacli ME, Egin Y, Akar N, Elhan AH: Tumor necrosis factor alpha- 
308 gene polymorphism and pseudoexfoliation glaucoma. Mol Vis 2008, 
14:1815-1818. 

67. Mossbock G, Renner W, El-Shabrawi Y, Faschinger C, Schmut O, Wedrich A, 
Zimmermann C, Weger M: TNF-alpha -308 G > A and -238 G > A 
polymorphisms are not major risk factors in Caucasian patients with 
exfoliation glaucoma. Mol Vis 2009, 15:518-522. 

68. Khan Ml, Micheal S, Akhtar F, Naveed A, Ahmed A, Qamar R: Association 
of ABO blood groups with glaucoma in the Pakistani population. 
Can J Ophthalmol 2009, 44(5):582-586. 

69. Zaree REY, Fakhraie G, Ghannadi F, Varmazyar R: Association between 
glaucoma and blood groups. Acta Med Iran 2006, 44:329-332. 

70. Damji KF, Bains HS, Stefansson E, Loftsdottir M, Sverrisson T, Thorgeirsson E, 
Jonasson F, Gottfredsdottir M, Allingham RR: Is pseudoexfoliation 
syndrome inherited? A review of genetic and nongenetic factors and a 
new observation. Ophthalmic Genet 1998, 19(4):1 75-185. 

71. Resnikoff S, Filliard G, Dell'Aquila B: Climatic droplet keratopathy, 
exfoliation syndrome, and cataract. Br J Ophthalmol 1991, 75(12):734-736. 

72. Luntz MH TE, Ballard R: M. C. Pseudoexfoliation of the lens. Ann Inst 
Barraquer 1979, 14:514-529. 

73. Ringvold A: Exfoliation syndrome immunological aspects. 
Acta Ophthalmol Suppl 1 988, 1 84:35-43. 

74. Kuchle M, Naumann GO: Occurrence of pseudoexfoliation following 
penetrating keratoplasty for keratoconus. Br J Ophthalmol 1992, 
76(2):98-100. 

75. Konstas AG, Ritch R, Bufidis T, Morales J, Qi Y, Streeten BW: Exfoliation 
syndrome in a 17-year-old girl. Arch Ophthalmol 1997, 1 15(8):1 063-1 067. 

76. Horven I, Hutchinson BT: Exfoliation syndrome. Case reports of 31 

and 35-year-old patients. Acta Ophthalmol (Copenh) 1967, 45(3):294-298. 



Elhawy et al. Human Genomics 2012, 6:22 
http://www.humgenomics.eom/content/6/1/22 



Page 10 of 10 



77. Lee KY, Ho SL, Thalamuthu A, Venkatraman A, Venkataraman D, Pek DC, 
Aung T, Vithana EN: Association of L0XL1 polymorphisms with 
pseudoexfoliation in the Chinese. Mol Vis 2009, 15:1 120-1 126. 

78. Pasutto F, Krumbiegel M, Mardin CY, Paoli D, Lammer R, Weber BH, Kruse 
FE, Schlotzer-Schrehardt U, Reis A: Association of LOXL1 common 
sequence variants in German and Italian patients with pseudoexfoliation 
syndrome and pseudoexfoliation glaucoma. Invest Ophthalmol Vis Sci 
2008, 49(4):1 459-1 463. 

79. Hewitt AW, Sharma S, Burdon KP, Wang JJ, Baird PN, Dimasi DP, Mackey DA, 
Mitchell P, Craig JE: Ancestral LOXL1 variants are associated with 
pseudoexfoliation in Caucasian Australians but with markedly lower 
penetrance than in Nordic people. Hum Mol Genet 2008, 17(5)710-716. 

80. Abu-Amero KK, Osman EA, Dewedar AS, Schmidt S, Allingham RR, 
Al-Obeidan SA: Analysis of LOXL1 polymorphisms in a Saudi Arabian 
population with pseudoexfoliation glaucoma. Mol Vis 2010, 16:2805-2810. 



doi:1 0.1 186/1479-7364-6-22 

Cite this article as: Elhawy et al:. Pseudoexfoliation syndrome, a 
systemic disorder with ocular manifestations. Human Genomics 2012 
6:22. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f~\ RiftMM i rpntral 

www.biomedcentral.com/submit momea central 



